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摘 要 
电 吸 附 增 强 固 相 微 萃 取 （ Electrosorption Enhanced-Solid Phase 
Micro-Extraction, EE-SPME）技术是基于电吸附和 SPME 技术的结合而发展起来
的新型萃取技术。与传统的 SPME 技术相比，EE-SPME 技术对离子化合物的萃
取效率更高、选择性更好、萃取时间更短。但迄今为止，相关的报道较少，适用
于 EE-SPME 技术的装置也非常有限，且尚无 EE-SPME 技术应用于萃取常见无
机离子的报道。 
本论文利用电泳沉积法（Electro-Phoretic Deposition, EPD）制备了以单壁碳
纳米管（Single-Walled Carbon Nanotubes, SWCNTs）为涂层，以铂片（Pt）为涂
层载体的电极（SWCNTs@Pt），并采用 EE-SPME 技术，将上述电极应用于水中
常见无机离子的萃取富集。主要研究内容和结果如下： 
采用 EPD 法制备了 SWCNTs@Pt，并将其在 500℃下用氢气处理 30 min，以
去除 SWCNTs 上的极性基团。基于 EE-SPME 技术的原理，利用 SWCNTs@Pt
萃取水中 5 种常见阴离子，操作过程如下：先往 SWCNTs@Pt 电极上加正电压，
吸附水中的 F-、Cl-、Br-、NO3
-和 SO4
2-，然后将电极置于超纯水中，加负电压，
使电极上吸附的离子脱附，最后用离子色谱（Ion Chromatography, IC）分析脱附
液中的离子。考察了 EE-SPME 过程中，萃取时间和电压、解吸时间和电压等实
验条件的影响，并建立了离线-EE-SPME-IC 分析方法，用于去离子水中痕量阴离
子的测定。研究结果表明，采用 EE-SPME 技术后，SWCNTs@Pt 对离子具有较
高的富集倍数，在所选择的实验条件下，其对 F-、Cl-、Br-、NO3
-和 SO4
2-的富集
倍数分别为 15、25、21、28 和 38。SWCNTs@Pt 使用寿命大于 50 次。所建立的
离线EE-SPME-IC分析方法的线性范围为 1.0-150.0 μg/L，检测限为 0.06-0.26 μg/L 
(S/N = 3)，定量限为 0.19-0.85 μg/L (S/N = 10)，重现性为 2.1-8.0% (n = 7)，已应
用于去离子水中痕量阴离子的测定。 
将 SWCNTs@Pt 安装于自制的在线富集装置中，并和 IC 联用，得到在线
EE-SPME-IC 实验系统。其运行过程如下：先往 SWCNTs@Pt 电极上加负电压，
吸附流过富集装置的水样中的 Na+、K+和 Mg2+，然后使富集装置充满超纯水，
加正电压，使电极上吸附的离子脱附，最后将脱附液导入 IC 分析。考察了
EE-SPME 过程中萃取时间和电压、解吸时间和电压以及水样流速等实验条件的
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影响，并建立了在线-EE-SPME-IC 分析方法，用于去离子水中痕量阳离子的测定。
研究结果表明，采用 EE-SPME 技术后 SWCNTs@Pt 对离子具有较高的富集倍数，
在所选择的实验条件下，其对 Na+、K+和 Mg2+的富集倍数分别为 33、57 和 23。
SWCNTs@Pt 使用寿命大于 80 次。所建立的在线 EE-SPME-IC 分析方法的线性
范围为 0.2-20.0 μg/L，检测限为 0.01-0.03 μg/L（S/N = 3），定量限为 0.05-0.09 μg/L 
(S/N = 10)，可用于去离子水中痕量阳离子的分析。 
本研究采用 EE-SPME 技术，以 SWCNTs@Pt 为萃取装置，实现了对水中无
机离子的萃取富集，拓展了 SPME 技术的应用范围，为水中常见痕量无机离子
的测定提供了一种新的预处理方法。然而作为一种新技术，本研究所建立的方法
在检测限、系统的简单程度等方面暂未达到测定无机离子常用的在线预富集柱
-IC（CC-IC）和大体积进样-IC（HVDI-IC）方法的水平，需要进一步的改进。 
 
关键词：固相微萃取；电吸附；单壁碳纳米管；无机离子；去离子水 
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ABSTRACT 
Electrosorption enhanced-solid phase micro-extraction (EE-SPME) is a new 
extraction technology based on the combination of electrosorption and SPME. 
EE-SPME has much higher extraction efficiency for ionic species than the 
conventional SPME. However, the reports about EE-SPME and the devices used in 
EE-SPME are limited. Furthermore, there is not a single report about the application 
of EE-SPME in the analysis of inorganic ions. 
In this study, a platinum plate coated with single-walled carbon nanotubes 
(SWCNTs@Pt) was prepared by means of electrophoretic deposition (EPD) and 
applied as EE-SPME device to extract inorganic ions in deionized water. The main 
experiment contents and results were summarized as follows: 
The as-prepared SWCNTs@Pt was annealed in H2 at 500℃ for 30 min to 
remove the polar groups on the SWCNTs surface. Using the SWCNTs@Pt, EE-SPME 
technique was proposed for the extraction of trace anions in water and described as 
follows: A positive potential was applied to the SWCNTs@Pt to extract F
-
, Cl
-
, Br
-
, 
NO3
-
 and SO4
2-
 from water, and then a negative potential was applied to the plate 
placed in ultra-pure water for the desorption of the absorbed anions, and finally the 
desorbed anions were analyzed using ion chromatography (IC). The EE-SPME 
parameters, including extraction potential and time as well as desorption potential and 
time, were investigated. An analytical method based on the above procedures, i.e. 
off-line EE-SPME-IC, was established and used for the analysis of trace anions in 
water. The results showed that the application of potential on the SWCNTs@Pt 
significantly enhanced the ion extraction efficiency, and enrichment factors of 15, 25, 
21, 28 and 38 for F
-
, Cl
-
, Br
-
, NO3
-
 and SO4
2-
, respectively, were achieved. The 
SWCNTs@Pt could be used more than 50 times without significant decay. The linear 
range, the limit of detection (S/N = 3), the limit of quantification (S/N = 10) and 
repeatability (n = 7) of the established method were 1.0-150.0 μg/L, 0.06-0.26 μg/L, 
0.19-0.85 μg/L and 2.1-8.0%, respectively. The proposed method was successfully 
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applied to the analysis of trace anions in deionized water. 
The SWCNTs@Pt was installed in a home-made preconcentration apparatus. 
Coupling this apparatus on-line to IC, an EE-SPME-IC system was obtained. The 
operation procedure of this system was described as follows: A negative potential was 
applied to the SWCNTs@Pt to extract Na
+、K+ and Mg2+ when the water sample 
flowed through, and then a positive potential was applied to the plate for the 
desorption of the absorbed cations when the unit filled with ultra-pure water, and 
finally the desorbed cations were delivered to IC for analysis. The EE-SPME 
parameters, including extraction potential and time, desorption potential and time as 
well as the flow rate of the water sample flowing through the preconcentration 
apparatus were investigated. An analytical method based on the above procedures, i.e. 
on-line EE-SPME-IC, was established and used for the analysis of trace cations in 
water. The results showed that the application of potential on the SWCNTs@Pt plate 
significantly enhanced the ion extraction efficiency, and enrichment factors of 33, 57 
and 23 for Na
+、K+ and Mg2+, respectively, were achieved. The SWCNTs@Pt in the 
preconcentration apparatus could be used more than 80 times without significant 
decline of extraction efficiencies. The linear ranges, limits of detection (S/N = 3) and 
limits of quantification (S/N = 10) of the established on-line EE-SPME-IC method 
were 0.2-20.0 μg/L, 0.01-0.03 μg/L, and 0.05-0.09 μg/L, respectively. The proposed 
method was successfully applied for the analysis of trace cations in deionized water. 
Using SWCNTs@Pt as the SPME device, the EE-SPME of inorganic ions in 
water was achieved in this study. As a result, this study widened the application of 
SPME and provided a novel analytical method for the analysis of trace ions in 
aqueous sample. As a new method, at present EE-SPME-IC can not reach the 
analytical performance of CC (Concentrator Column)-IC and HVDI (High-Volume 
Direct-Injection)-IC, further work is needed. 
 
Keywords: Solid phase micro-extraction; Electrosorption; Single-walled carbon 
nanotubes; Inorganic ions; Deionized water 
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第一章 绪 论 
1.1 固相微萃取技术 
固相微萃取（Solid Phase Micro-Extraction, SPME）技术是集采样、萃取、浓
缩和进样于一体的新型萃取分离技术，具有操作简单、溶剂与样品用量少、重现
性好、精度高、检测限低、便于携带和易实现自动化等优点。其基本原理为利用
物理或者化学方法，将具有吸附萃取功能的涂层材料固定在某种载体表面，当涂
层与样品进行直接或间接的接触时，将待测物富集浓缩，然后通过在线进样装置
或离线解吸后进样，实现对样品中的目标物进行准确分析。与传统的液液萃取
（Liquid-Liquid Extraction, LLE）和固相萃取（Solid Phase Extraction, SPE）相比，
SPME 无需使用大量的有机溶剂，而是利用固定在载体表面上的吸附材料选择性
地富集待测物。该技术于 1990年为加拿大Waterloo大学 Pawliszyn研究组首创[1]，
经过 20 年的发展，已经成为受人瞩目的新型样品预处理方式。美国 Supelco 公
司生产的商品化的 SPME 纤维及世界各国的研究者自行制备的 SPME 纤维已广
泛地应用于环境监测[2]、农药分析[3]、食品检验[4]等领域中有机物的分析。 
然而，无论是商品化的还是研究者自行制备的 SPME 纤维，通常采用非极
性或弱极性涂层材料，因此其对离子化合物的萃取效率很低，很少用于离子化合
物的萃取分析。如何萃取离子化合物是 SPME 技术发展的新方向之一。 
1.2 电化学控制-固相微萃取技术 
为了拓展 SPME 技术在离子化合物分析中的应用，将 SPME 技术和电化学
技术结合在一起，得到了一种新型的样品预处理技术，即电化学控制-固相微萃
取（Electrochemically Controlled-Solid Phase Micro-Extraction, EC-SPME）技术，
其优点是能够增强 SPME 技术的选择性和灵敏度，尤其是离子化合物的萃取。 
在 EC-SPME 中，常采用导电聚合物作为涂层材料。SPME 纤维既作为萃取
装置又作为电极使用。当纤维上施加一定电压时，纤维的聚合物涂层发生电化学
反应，使其氧化还原状态发生改变，聚合物涂层的荷电状态也随之改变，带电的
聚合物涂层具有离子交换功能，目标离子通过和涂层上吸附的离子进行交换达到
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